Introduction
With the ever-increasing demands of humankind for illumination quality, white light-emitting diodes (WLEDs) are replacing the incandescent and uorescent lamps gradually and becoming a new generation of solid state lighting sources for buildings and scenery lighting, LCD backlighting, interior lighting, automobiles, agriculture, medicine and aerospace. [1] [2] [3] [4] At present, the commercial method to generate white light emission is exciting the yellow-emitting Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce 3+ ) with an InGaN light-emitting diode (LED) chip which emits blue light with the wavelength between 450 nm and 480 nm typically. 5, 6 Because of the emission deciency in the red region, this WLED shows poor colour rendering and appears a simple cool white. Another feasible method is combining blue, green and red phosphors with a near-ultraviolet (n-UV) chip which emits ultraviolet with the wavelength between 380 nm and 420 nm. [7] [8] [9] This combination improves the colour rendering performance, but poor chemical stability will be shown as it ages due to the different chemical properties of the three phosphors. Compared with other approaches, studies on the preparation of direct-white-emitting light phosphors have been carried out due to their excellent thermal stability and colour rendering properties.
To the best of our knowledge, aluminate has becoming an important host material because of its excellent thermostability, non-poisonous and competitive price. 10 (4N) . The stoichiometric amount of raw materials were well homogenized in an agate mortar, and the H 3 BO 3 was added as a ux. All samples were pre-sintered in alumina crucibles in air at 700 C for 2 h, and further heat-treated at 1400 C for 5 h with sufficient grindings in the processes. The phase purity of synthesized phosphors were checked by X-ray diffraction (XRD) with a D8 Advance diffractometer with Cu Ka radiation (l ¼ 1.5406Å) by the step of 4 min À1 at room temperature. The X-ray photoelectron spectroscopy (XPS) was obtained on an ESCALAB 250xi (ThermoFisher, England) electron spectrometer. The emission and excitation spectra were analyzed on a Hitachi F-4600 uorescence spectrophotometer with a 400 nm cut-off lter. The diffuse reection spectra were detected by a Shimadzu UV-3600 UV-vis-NIR spectrophotometer attached with an integral sphere. The photoluminescence decay curves were recorded on a Horiba JOBIN YVON FL3-21 spectrouorometer.
3 Results and discussion The nal rened crystallographic data are listed in . 20 The other excitation spectra monitored at 619 nm consists of the broad bands from 200 nm to 350 nm, which is generated from the charge-transfer band (CTB) between Eu 3+ and O 2À with the peak at 261 nm, and the series of narrow bands from 350 nm to 550 nm form from the f-f transition of Eu 3+ within its 4f 6 conguration. 21 The PL spectra with different excitation factors are demonstrated in Fig. 5(b) with corresponding Rietveld refinement (red) and residuals (blue). band peaking at 659 nm generates from the spin-forbidden electronic transition 2 E g -4 T 2 of Mn 4+ .
28
As revealed in Fig. 8 Table 3 and , corresponding to the correlated colour temperature from 11 489 K to 4554 K as listed in Table 3 . The energy level structure of Eu 2+ and Mn 4+ and the energy transfer mechanism among them. Additionally, the energy transfer efficiency is also listed next to the lifetimes in Fig. 11(a) . All the decay curves can be well tted ground on the following non-exponential equation:
where I(t) stands for the PL intensities at time t. 
where s y and s 0 stand for the corresponding lifetimes of Eu 
where h stands for the energy transfer efficiency. s s and s s 0 mean the lifetimes of Eu 2+ with and without the doping of Mn 4+ ions.
As shown in the Fig. 11(a) 
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